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Executive summary 
The National Aerospace Laboratory NLR has developed fatigue 
loads and usage monitoring programmes for most of the aircraft 
and helicopter types in the inventory of the Royal Netherlands Air 
Force (RNLAF). Traditionally these programmes were focussed on 
the airframe and the engines. The results were typically used to 
keep track of the consumed fatigue life and/or engine cycles, to 
assess the severity of specific missions and mission types, to 
evaluate and possibly optimize the usage of the fleets, to 
assess/anticipate required structural modifications programmes 
or individual aircraft fatigue life extensions, to provide OEMs with 
high-quality data to support  modification programmes, to 
rationalise decisions regarding tail number selection in the case of 
out-of-area deployments, fleet down-sizing, etc. 
Recently, the awareness has grown that it can be useful to expand 
these programmes and include other systems as well. Elaborating 
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on the well-established Chinook Airframe Monitoring Programme 
(CHAMP), NLR is now evaluating ways to monitor the loads and 
usage of the drive train and rotor components of the RNLAF 
CH-47D/F fleet. The objective is to enable the transition from 
calendar based maintenance to condition based maintenance for 
these components. 
This paper gives an overview of CHAMP and the programmatic 
benefits achieved so far. Subsequently the recent and planned 
activities with regard to the monitoring of the Chinook drive train 
and rotor components are described and the potential benefits 
plus the certification issues and other challenges are discussed. 
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Summary 
The National Aerospace Laboratory NLR has developed fatigue loads and usage 
monitoring programmes for most of the aircraft and helicopter types in the 
inventory of the Royal Netherlands Air Force (RNLAF).  
Traditionally these programmes were focussed on the airframe and the engines. It can be useful, 
however, to expand these programmes and include other systems as well. Elaborating on the 
well-established Chinook Airframe Monitoring Programme (CHAMP), NLR is now evaluating ways 
to monitor the loads and usage of the drive train and rotor components of the RNLAF CH-47D/F 
fleet. The objective is to enable the transition from calendar based maintenance to condition 
based maintenance for these components. This paper gives an overview of CHAMP and the 
programmatic benefits achieved so far. Subsequently the recent and planned activities with 
regard to the monitoring of the Chinook drive train and rotor components are described and the 
potential benefits plus the certification issues and other challenges are discussed. 
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Figure 1: CH-47D ‘Chinook’ of the Royal Netherlands Air Force. 
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Abbreviations 
Acronym Description 
ADS Aeronautical Design Standard 
AED Aviation Engineering Directorate (US Army) 
ANN Artificial Neural Network 
CAS Calibrated Air Speed 
CBM Condition Based Maintenance 
CHAMP CHinook Airframe Monitoring Programme 
CVFDR Cockpit Voice and Flight Data recorder 
DARU Data Acquisition and Recording Unit 
FDR Flight Data Recorder 
FFT Fast Fourier Transform 
FLM Fleet Life Management 
FRR Flight Regime Recognition 
FS Fuselage Station 
GAG Ground-Air-Ground cycle 
HELIUM HELIcopter Usage Monitoring database 
HUMS Health & Usage Monitoring System 
IAS Indicated Air Speed 
Kt Stress concentration factor 
LBL Left-hand Butt Line 
MFOQA Military Flight Operations Quality Assurance 
MMPDS Metallic Materials Properties Development & Standardization 
NLR National Aerospace Laboratory 
OEM Original Equipment Manufacturer 
OLM Operational Loads Monitoring 
RNLAF Royal Netherlands Air Force 
RTB Rotor Track & Balancing 
SALSA Stand ALone Structural data Acquisition system 
SDR Structural Data Recorder 
SGnn Strain Gauge with identification number nn 
SHM Structural Health Monitoring 
S&L Straight & Level 
STO NATO Science and Technology Organization 
TAS True Air Speed 
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1 Introduction 
The transport capacity of the Royal Netherlands Air Force (RNLAF) includes various types of fixed-
wing aircraft and transport helicopters, among which the CH-47 “Chinook”. In the mid-nineties, 
thirteen (13) International D-models were acquired of this helicopter. Six of these were new and 
featured a digital glass cockpit and a preliminary version of the machined frames that were to be 
introduced on the F-model. The remaining seven, with classical built-up sheet metal frames, had 
already served in the Canadian Forces prior to being refurbished and upgraded with a glass 
cockpit by Boeing. Both versions are equipped with the T55-L-714A engine, which has 17% more 
power than the legacy T55-L-712 engine and enables operating in hot and high conditions. In 
2012-2013 an additional six new build ICH-47F(NL) Chinook helicopters was acquired. These 
Netherlands-unique version helicopters offer advanced avionics, improved situational awareness 
and survivability features and special operations equipment. Starting in 2017, the initial RNLAF 
Chinook fleet will be upgraded to this latest standard. 
 
Soon after entry into RNLAF service it became clear that the airframe of the Chinook is prone to 
fatigue cracking, despite the fact that it was originally designed for infinite life. This may partly be 
attributed to the use of the more powerful -714 engine, but other operators have reported 
similar findings for fleets with the -712 engine. Most of the airframe cracking in the RNLAF fleet is 
found in secondary structure of the aft fuselage and aft pylon and is usually referred to as 
“nuisance cracking”. There is no obvious correlation with flight hours, and cracking occurs in both 
versions of the ICH-47D that are currently operated by the RNLAF (i.e. with machined frames and 
with built-up frames)1. Although the cracks usually do not affect flight safety, they entail a 
tremendous amount of maintenance work and a reduction of the fleet operational availability. 
Because of this, and considering that it is unclear whether primary airframe structure will be 
affected in the long run, the RNLAF has tasked the National Aerospace Laboratory NLR to 
develop, implement and conduct an airframe loads & usage monitoring programme in order to 
keep track of the current and future operational usage of the Chinook fleet and of the individual 
helicopters in the fleet, and to correlate this usage to the accrual of fatigue damage in the 
airframe. 
 
As a start, to explore the technical and operational possibilities and to demonstrate the benefits 
of a routine loads & usage monitoring programme, a pilot programme was initiated in 2001. 
Within this programme, one helicopter was instrumented with a simple data recorder and four 
                                                                
1 As of now, no fatigue cracks have been found in the ICH-47F fleet of the RNLAF. It has only been in service for less 
than two years, however. 
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strain gauges to collect airframe loads data. Additionally, a usage monitoring concept based on 
Flight Regime Recognition (FRR) was developed. 
 
In 2007, after successful conclusion of the pilot programme, a routine loads & usage monitoring 
programme named “CHAMP” (CHinook Airframe Monitoring Programme) was started in which 
the flight regimes were re-evaluated and the FRR algorithms were refined. In addition, two 
ICH-47D airframes and, at a later stage, one of the ICH-47F(NL) airframes were equipped with 
strain gauges and a state-of-the-art data acquisition unit. A relatively high sample rate was 
selected to enable detailed vibration analyses and the development of so-called “virtual strain 
gauges”.  
 
In the meantime, the awareness has grown that it can be useful to also monitor the loads and 
usage of the Chinook drive train and rotor components, with the objective to eventually enable 
the transition from calendar based maintenance to condition based maintenance for these 
components. To this end, some work has already been performed and more activities are being 
planned.  
 
Section 2 provides a concise overview of CHAMP and the results that have been achieved so far. 
More details are provided in ref. [1]. In Section 3 the recent and planned activities with regard to 
the monitoring of the Chinook drive train and rotor components are described and the potential 
benefits plus the certification issues and other challenges are discussed. 
 
2 Chinook Airframe Monitoring Programme 
2.1 Instrumentation 
In the pilot programme, a simple four-channel data acquisition and recording unit was installed in 
one helicopter to collect the data from four different strain gauges. This system, the 
Spectrapot-4C from Swiss Aircraft & Systems Enterprise, had previously been used in the F-16 
loads & usage monitoring programme of the RNLAF, and had become redundant after the 
introduction of a more advanced system in the F-16 fleet. In addition, use was made of the 
FA2100-3073-00 Cockpit Voice & Flight Data Recorder (CVFDR) from L-3 Communications for the 
collection of flight data from the ARINC-429 avionics data bus. This system had recently been 
acquired for fleet wide installation to enable Military Flight Operations Quality Assurance 
(MFOQA) and mishap investigations. It is capable of recording 50 flight hours of data with 128 
words per second. Since the recorded data can easily be downloaded on a portable PC with a 
PCMCIA card, the system is very well suited for usage monitoring as well. Both data recorders 
were installed in the avionics rack behind the cockpit. 
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The CVFDR for usage monitoring and the Spectrapot for load monitoring were completely 
separate systems, i.e. there was no on-board connection in the form of wiring. The data from 
both systems were linked afterwards during ground station post-processing. This turned out to 
be a tedious task and the results were not always very accurate due to the poor synchronization 
of the two systems. In addition, the memory size of the Spectrapot cartridges was very limited. 
Using the on-board processing capability (i.e. peak-valley-peak counting with time stamp 
retention) the amount of collected strain data could be sufficiently reduced as to allow an 
acceptable number of flight hours before retrieving the data from the helicopter. This could only 
be achieved by applying a relatively large range filter, however, which effectively removed the 
very damaging 3/rev and other low amplitude cycles. As a consequence the damage rates as 
developed in the pilot programme were incomplete and mainly pertained to manoeuvre loading. 
 
For this reason it was decided at the start of CHAMP to replace the Spectrapot by the modular 
state-of-the-art ACRA KAM-500 data acquisition unit and a SES S3DR-C solid state data recorder, 
which uses an industry standard PCMCIA ATA-Flash solid state memory card. The combined 
system was installed in the avionics compartment of two ICH-47D helicopters (the D-103, with 
machined frames, and the D-664, with built-up frames). In 2013, one of the F-models, the D-892, 
was equipped with the KAM-500 as well, with an ACRA MEM/103/B memory module for logging 
the data to a CompactFlash removable memory card. This system was mounted on a dedicated 
bracket that was attached to the lower side of the walkway, between STA 380 and STA 400. The 
installation of the data acquisition/recording units is shown in Figure 2. 
 
  
Figure 2: Installation of the data acquisition/recording unit in the avionics compartment of the ICH-47D (left) 
and below the walkway of the ICH-47F(NL), between STA 380 and STA 400 (right).    
 
The D-models have been instrumented with nine strain gauges each, and the F-model with 
thirteen gauges. In order to avoid the synchronization problems that were experienced in the 
pilot programme, each KAM-500 data acquisition unit has been equipped with a bus monitor 
card to redundantly collect the relevant parameters from the ARINC-429 bus, in parallel with the 
CVFDR. Since the acceleration data are not present on this data bus, an additional tri-axial 
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accelerometer was installed in each of the three selected airframes; from a certification point of 
view, it was undesirable to tap into the signals of the existing accelerometers, since they are used 
by the flight control system. 
 
Figure 3 identifies the strain gauge locations in the F-model. Two of these strain gauges, viz. SG01 
and SG05, were already used in the pilot programme and are meant to enable a comparison 
between the two programmes. SG01 is located on the web of the Left-hand Butt Line LBL 20.0 
longeron in the cabin fuselage roof, at Frame Station FS 331. This gauge is primarily excited by 
bending of the fuselage around the lateral axis and is assumed to provide a general indication of 
the severity of fuselage loading. Strain gauge SG05 is positioned on the outer cap of the crown 
frame on FS 534, at LBL 26.5, which is the same location as the Boeing strain gauge 54060 that 
was used during a strain survey on a CH-47D helicopter for the Royal Air Force [2] of the UK. This 
location has a crack history on older Chinook models. It is also one of the locations where the 
stress level in the machined frames of the later D-model has increased with regard to that of the 
built-up frames of the original D-model. 
 
 
Figure 3: Strain gauge locations in the ICH-47F(NL). 
 
The other strain gauges are placed at highly stressed areas in the forward and aft fuselage. Their 
selection has been based on advice from the Aviation Engineering Directorate (AED) of the US 
Army in Huntsville, AL, which has been provided within the framework of a data exchange 
agreement between AED and the RNLAF. 
 
  
   NLR-TP-2015-139 | 11 
 
Initially the strain data were sampled at 1024 Hz, but after analysis the sample rate was reduced 
to 512 Hz. To further limit the storage of irrelevant data as much as possible, the ACRA system 
uses a built-in trigger to start and end recording at values above and below 15% of the nominal 
rotor speed. This prevents the recording of data during maintenance related power-on periods. 
 
No on-board data reduction such as peak-valley-peak filtering or rainflow counting is applied. The 
retention of all strain data (together with all relevant parameters from the avionics data bus) 
allows more detailed analysis, which not only has proved to be useful for the development of 
virtual strain gauges but also for the evaluation of practical maintenance questions related to the 
rotor track & balancing (RTB) process. 
 
2.2 Data Storage & Data Processing 
For the storage of the vast amount of loads and usage data from CHAMP and similar programmes 
for other helicopter types, the NLR has developed and operates the dedicated yet flexible 
HELIUM (HELIcopter Usage Monitoring) database. This secure database is capable of handling 
data from any type of data source, including flight administrative data, maintenance data, raw 
and processed data from Health and Usage Monitoring Systems (HUMS) and other flight data 
recorders, etc.  
 
The relevant flight administrative data (e.g. date, mission type, flight duration, take-off and 
landing location, etc.) are obtained from the centralized SAP® database that is used by the 
RNLAF. This is done on a monthly basis through a remote access link. Whenever needed the 
frequency of this action is adjusted. The measured data are physically transported to the NLR by 
means of PCMCIA and CompactFlash cards. After data validation and conversion into engineering 
units, they are uploaded into HELIUM.  
 
For the processing and use of the HELIUM data, a dedicated Graphical User Interface named 
“Sustain” has been developed. It is an IT-facility for the military operator with a fully integrated 
toolbox for the analysis of usage, loads and maintenance data in a web-based application of 
acquisition, processing, storage, visualisation and reporting of data. The Sustain tools can also be 
applied on the contents of other databases. 
 
2.3 Flight Regime Recognition 
In the design and development phase of a helicopter, the analysis and the demonstration of the 
safe lives of the airframe and the various components of the dynamic system are based on an 
assumed usage. This design usage spectrum usually is a composite worst case spectrum that is to 
cover all possible missions by all anticipated operators in a conservative way. It is composed of 
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the expected flight conditions, manoeuvres and other specific events, together with their relative 
durations (as a percentage of the total life) or amount of occurrences per flight hour. Combined 
with the component strength characteristics and the loads measured during a flight loads survey 
with specially instrumented aircraft, it allows the original equipment manufacturer (OEM) to 
assess the fatigue lives of the safety critical components, and to establish appropriate 
maintenance intervals. 
 
In practice the actual usage of a particular operator will be different from the design usage. From 
a fatigue point of view, the usage will often be lighter, considering the conservative approach 
that is usually followed in the construction of the design usage spectrum. In this case life-limited 
components could be kept in service for a longer period than prescribed in the maintenance 
manuals and maintenance intervals could be increased. Sometimes, however, the design 
spectrum underestimates the actual usage [3-5], which then results in a safety issue. In any case 
it is advisable to monitor the actual usage of a helicopter fleet and of the individual aircraft in this 
fleet, to anticipate: (i) any maintenance and safety issues, and/or (ii) benefit from possible 
maintenance credits. 
 
To accomplish this, an automatic Flight Regime Recognition (FRR) algorithm has been developed 
for the Chinook fleet of the RNLAF [6]. ‘Regime’ in this respect can be a flight condition, a 
manoeuvre or a specific event such as autorotation, single engine operation or landing.  
 
The flight regime definitions used in CHAMP are similar to the basic mission profile for fatigue 
analysis as composed by Boeing for the ICH-47D. Six main regimes are distinguished, viz.: Ground, 
Hover, Ascent, Level, Descent and Autorotation. A further subdivision gives a total of 127 fine 
flight regimes. The input to the FRR algorithm is formed by the avionics bus parameters as 
recorded with the CVFDR. The regime data are extracted with ground-based software, similar to 
what has been done by other authors [7-9]. Advantages of such an approach are that (i) there is 
no need to integrate complex real-time airborne software and additional equipment in the 
current avionics suite, (ii) helicopter modifications and the effect on operations are minimized 
and (iii) there are more possibilities for checking the integrity of the data.  
 
To determine the flight regimes from measured CVFDR data, the following deterministic routines 
have been developed: 
• parameter processing routines to smooth and clean the measured data, 
• basic ‘state identification’ routines that handle one parameter, 
• additional ‘state identification’ routines that handle two or more basic states, and 
• regime identification routines that combine states to extract regimes. 
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A simple interpolation scheme is applied for gap filling and to correct corrupt data points. 
 
The FRR algorithms have been validated on the basis of well-defined and well-documented 
sorties, by comparing the recognized flight regimes as determined from the CVFDR data with 
those deduced from the pilot cards. Because of the deterministic nature of the FRR algorithms, 
only a relatively limited number of validation flights were needed for this purpose; this would not 
have been the case for neural network based algorithms. 
 
The usage in terms of the flight regime distribution is routinely reported to the weapon system 
manager, together with other usage statistics such as altitude, weight and air speed distributions 
and exceedance plots. An example is provided in Figure 4. 
 
 
Figure 4: Example of usage statistics - out-of-area operations versus training missions in the Netherlands. 
 
By combining the measured strain data with the identified flight regimes, a relative fatigue 
damage rate per flight regime for each of the strain gauges could be established, using a simple 
fatigue damage model. A novel method has been used for allocating the appropriate fatigue 
damage rates to the various flight regimes, based on a modified rainflow counting method to 
create a series of stress cycles in which the sequence of the peaks is retained. The measured data 
are rainflow counted on a flight-by-flight basis. Each rainflow counted cycle is then allocated to a 
flight regime on the basis of the time stamp of the peak stress. In this way the transient cycles are 
also allocated to a flight regime, rather than collecting them in a “super Ground-Air-Ground 
(GAG) cycle” as is usually done. It is noted that the CHAMP definition of flight regimes does 
include the GAG condition, however; on the basis of the reported number of landings N in a 
sortie, the N largest rainflow counted stress cycles are allocated to this condition. The allocated 
damage rates are used in conjunction with the FRR algorithm to routinely keep track of the 
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cumulative time spent in the various flight regimes and, in a relative way, of the fatigue damage 
that is accrued for each helicopter in the fleet. An example is provided in Figure 5. 
 
 
Figure 5: Damage rates as a function of flight regime for four strain gauge locations in the ICH-47D with 
built-up frames. 
 
It is noted that the measured strain data are scaled to meaningful stress levels to account for the 
fact that the strain gauges are not located at the hot spots where fatigue cracks may develop. 
These cracks usually form at fastener holes or at sharp corners, notches, etc., where the presence 
of the fastener or the high stress gradient precludes the installation of a strain gauge. To convert 
the measured stress level of a particular strain gauge to a meaningful level that is representative 
for a fatigue critical location, a spectrum stress scale factor has been determined such that the 
total fatigue life of the location that is covered by the strain gauge is equal to 5,000 unfactored 
flight hours for a reference batch of measured flights, based on a simple fatigue damage model 
(i.e. Miner’s Rule and S-N data) and assuming a representative stress concentration Kt of 3.0. The 
material that has been considered was Aluminium 7050-T7451, which is used in the Chinook. The 
corresponding S-N curve has been obtained from MMPDS [16] and has no fatigue limit. The 
measured strain data are rainflow counted on a flight-by-flight basis. 
 
2.4 Virtual Strain Gauges 
The fatigue damage rates that are coupled to the flight regimes are average values for only a 
limited number of altitude, air speed and weight classes. They do not reflect the behaviour of 
individual pilots, which is recognized to be an important cause for the variability in helicopter 
loads, or rotor smoothing. Moreover, the allocation of the damage associated with the transient 
manoeuvre-to-manoeuvre cycles and the ground-air-ground cycles to the various flight regimes 
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depends on the operational flying doctrine or flying conditions at the time that the operational 
loads measurement campaign (OLM) was conducted; any changes in the way that the helicopter 
fleet is operated (e.g. due to an out-of-area deployment) will therefore not be accommodated for 
unless a new OLM is conducted. 
 
Within CHAMP an important next step has therefore been made. Much effort has been spent to 
develop an intelligent loads monitoring (ILM) technique to synthesize helicopter airframe loads 
from the flight parameters (air speed, altitude, bank angle, etc.), engine parameters, discretes 
(such as the weight-on-wheels switch) and pilot inputs that are collected with the CVFDR from 
the avionics data bus. For fixed-winged aircraft this technique has been around for some time, 
but for the complex vibratory helicopter loads, the development of these so-called ‘virtual strain 
gauges’ is much more challenging. After an in-depth literature study it was concluded that load 
prediction techniques based on artificial neural network (ANN) methods are in general more 
accurate than prediction methods based on multiple regression methods [10-13]. Although 
computationally more intensive during training than regression methods, neural network 
methods have demonstrated better generalization properties, better representation of non-
linearities in the data and slightly better results. It was therefore decided to use neural network 
methods to correlate the measured strains to the bus parameters. 
 
The digital bus data are recorded at relatively low sampling rates of 1 to 8 Hz, depending on the 
parameter that is considered. This is much lower than the 512 Hz sample rate that is used for the 
strain data. This disparity in sampling rate necessitated an intermediate processing step before 
correlation of the strain data to the digital bus data. A simple interpolation scheme did not suffice 
to map the strain data to the coarser time grid of the bus parameters. Since fatigue damage in 
helicopter airframe components can usually be attributed to the vibrational loading components, 
a simple interpolation scheme would have led to the loss of essential information. On the other 
hand, the mapping of the bus parameters to the 512 Hz time grid of the strain data would have 
resulted in huge data sets, which is extremely impractical from a computational point of view. 
Some meaningful condensation of the strain data was thus required. 
 
The strategy that has been followed was to take the Chinook rotor frequency R of 3.75 Hz 
(≈0.267 s period of revolution) as the common sampling rate for the bus parameters and the 
strain data. For this purpose the frequency of most of the bus parameters had to be increased 
slightly by interpolation. For each 0.267 s interval the average or quasi-static part of the strain 
signal yavg was determined, together with the maximum ymax and minimum ymin of the signal 
within that time frame, while the deviation of this average – the dynamic part – was summarized 
by means of an equivalent amplitude yamp for the blade-pass frequency 3R or twice the blade-
pass frequency 6R, depending on the strain gauge location; in the frequency domain these 
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multiples of the rotor frequency dominate the amplitude spectra of the strain signals (that is, for 
the Chinook tandem rotor helicopter, with three blades per rotor). The computation of the 
equivalent strain amplitude was done on the basis of equivalence of fatigue damage potential, 
using a simple damage model (Miner’s Rule and S-N data from MMPDS [16]). 
 
Comparison of the fatigue damage potential as calculated for the original strain signals and for 
the signals reconstructed from yavg, ymax, ymin and yamp yielded an average error of less than 
1%, with occasionally values up to 3%. In other words, from a fatigue damage point of view it is 
sufficient that the correlation model is able to accurately predict the average signal with its 
min/max bounds plus the equivalent strain amplitude. 
 
It is noted that it is not sufficient to only model yavg and yamp; the min/max values per time 
frame are also needed to accurately reconstruct the transient behaviour of the strain signal when 
going from one flight condition to another. Four ANN-based correlation models therefore had to 
be developed for each of the strain gauges to predict yavg, ymax, ymin and yamp from the 
recorded bus parameters. From these predicted parameters a stress or strain history can be 
constructed and the associated fatigue damage or crack growth rate can be calculated with any 
desired model. 
 
For correlating yavg, ymax, ymin and yamp to the avionics bus data, feed-forward models with 
one hidden layer have been used. Each of the three models had 30 hidden nodes. The activation 
function that was applied in the layer with the hidden nodes was either the ‘tanh’ function – for 
ymax, ymin and yamp – or a linear activation function – for yavg; the latter function does not 
change the value of the input. 
 
The selection of the subset of model input parameters from the complete set of available bus 
parameters has been performed such that the virtual strain gauge models generalize well on new 
data. Two parameters yielded unreliable results and had to be discarded; they were the 
helicopter gross weight (which is manually input by the pilot) and the measured accelerations 
(affected by drift). An important model input parameter that is specific to the Chinook is the so-
called Cruise Guide Indicator (CGI), which is displayed in the cockpit. Values of 0-100% indicate 
acceptable operation; flight operations for CGI >100% should be minimized to avoid excessive 
build-up of fatigue damage in drive train. The CGI value is derived from the signals of strain gauge 
bridges that are installed on the aft pivoting actuator and fixed link of the aft rotating swash plate 
[14]. A narrow-band filter is applied around the 3R frequency component. This means that for 
other helicopter types and for locations that are governed by frequency components other than 
the 3R, a different set of input parameters will be needed, possibly including the tri-axial 
accelerations and the helicopter weight characteristics. This needs to be established case by case. 
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Two large data sets have been assembled for the training and validation of the models, one for 
the D-664 with built-up frames and one for the D-103 with machined frames; the volume of data 
for the recently instrumented F-model is not sufficient yet to develop virtual strain gauge models. 
From the available data files about 1/6th with the largest damage per flight hour and about 1/6th 
with the smallest damage per flight hour were used to build the models. From the selected files, 
every twentieth data point has been used, yielding 20,000-25,000 data points with which the 
models have been trained. 
 
The models have been validated against newly obtained data, which were not used in the 
training. The predictive capability has been assessed by comparing the fatigue damage content of 
the predicted strain sequences with the actual strain sequences, on a flight-by-flight basis. The 
accuracy was satisfactory (approximately +/- 25%), although some variation was observed and 
some issues were identified. Examples of the validation results are provided in Figure 6, which 
shows the fatigue damage as computed on the basis of the predicted loads (CumDamfit, virtual 
strain gauges) against the damage on the basis of the actual loads (CumDamdata, real strain gauge 
data) for two locations in the airframe of the D-103. For perfect virtual strain gauges the 
predictions in above graphs would all lie on the diagonal lines. It is noted that the accuracy is 
expected to improve once larger and better sets of input data become available. 
 
  
Figure 6: Virtual fatigue damage against actual fatigue damage for two locations in the airframe of the 
D-103. Each circle represents one flight. 
 
An example of a predicted strain sequence in comparison with a measured strain sequence (both 
scaled to meaningful stress levels by the same factor) is given in Figure 7. The data pertain to a 
5.6 hr flight of the D-664 in July 2007. The computed fatigue lives for the predicted and measured 
sequences differ by only 2% to 3%, depending on the adopted damage model. 
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Figure 7: Comparison of a predicted and a measured load sequence. 
 
2.5 Fleet Life Management 
In combination with the HELIUM database, virtual strain gauges are the key to the rational 
management of the life of any structural component of any helicopter in the inventory of the 
RNLAF. Based on this loads synthesis technique, a new fleet life management (FLM) concept has 
been developed called the “Stethoscope Method”, which is already operational for the Chinook 
fleet of the RNLAF. This method is outlined in Figure 8. The FLM involves the fleet wide collection 
of all relevant flight, engine and control parameters that are available from the digital data bus, 
plus the simultaneous collection of loads data in one or more dedicated OLM helicopters. For this 
purpose all helicopters in the fleet need to be equipped with a digital flight data recorder (FDR; 
for the Chinook this is the CVFDR). The OLM helicopters will need an additional structural data 
recorder (SDR; for the Chinook this is the ACRA KAM-500 unit) or, alternatively, an additional FDR 
loads monitoring functionality. 
 
All measured data are made accessible through the HELIUM database system that serves all 
helicopter types that are used by the RNLAF. The loads data from the SDR in the OLM helicopters 
can then be used to continually train and improve ANN-based virtual strain gauge models. After 
the creation of a virtual strain gauge, the actual strain gauge can be relocated to monitor other 
key structural locations. Successive relocation of strain gauges finally results in a usage 
monitoring system that, in the long run, is invaluable for structural life cycle management. It will 
allow the establishment of the safe life consumed so far and the assessment of the severity of in-
service developed fatigue cracks for each critical point. In this respect it is essential to start 
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collecting the digital bus data from the very first moment that a helicopter is commissioned into 
service. For the virtual strain gauge models this is less crucial; when developed at a later stage 
these models can use the historical bus data in the HELIUM database to ‘roll back’ to day one. 
 
 
Figure 8: The Stethoscope Method for Fleet Life Management. 
 
2.6 Typical Programme Results 
2.6.1 Vibration analysis 
Owing to the high sample rate of the strain gauges it was possible to investigate the relevance of 
the various vibration components with respect to the airframe loads. As a first step in the 
analysis, the strain signals were scaled to obtain meaningful stress levels (i.e. levels that yield a 
finite component life for a reference batch of measured flights). After that the frequency content 
of the resulting stress sequences was determined by means of a Fast Fourier Transform (FFT). 
The first twelve harmonics of the 3.75 Hz rotor frequency were extracted from the FFT spectrum 
using a bandwidth of plus and minus 5%. After an inverse FFT, this band-pass filtered spectrum 
was processed to assess its damage content. This involved the extraction of the stress peaks and 
valleys, rainflow counting and the application of a simple damage model (Miner’s Rule and S-N 
data from MMPDS [16]). This finally provided the relative contributions of the frequency 
components to the accrual of fatigue damage. Normalising to a total sum of 100 % gave results 
like those shown in Figure 9 for a strain gauge in the D-664. For this gauge the dominant 
frequency turned out to be the 3R, which is the blade-pass frequency. This observation is valid 
for most locations in the aft fuselage of the Chinook, although for some locations 6R is the 
dominant frequency from an airframe fatigue point of view. 
 
 
 
Towards Condition Based Maintenance of Aging Military Helicopters 
 
  
 
20 | NLR-TP-2015-139   
 
The results presented in Figure 9 also answer the question whether more frequent rotor 
balancing would be beneficial to reduce the accrual of fatigue damage. Since rotor balancing 
primarily reduces the 1R vibration, it is concluded from Figure 9 that the reduction in fatigue 
damage will be negligible. In the analysis no distinction has been made between flights just after 
an RTB maintenance action and flights just before that, but apparently the current maintenance 
frequency is sufficient to keep the 1R vibration levels at an acceptable level. 
 
 
Figure 9: The relative importance of the various frequency components for strain gauge SG06 in the D-664, 
based on a batch of 88 flights. 
 
It should be noted that it is theoretically impossible to truly separate the contributions of the 
various frequency components to the accrual of fatigue damage. The reasons are that (i) the 
fatigue content of a stress or strain signal in the time domain is best characterized with the 
rainflow counting method, which couples stress peaks and valleys that can be spaced apart quite 
significantly, (ii) the peaks and valleys in a stress or strain signal in the time domain are usually 
constituted by more than one frequency component, and (iii) the effects of load interaction 
cannot be accounted for in a frequency analysis. The relative fatigue damage values in example 
histogram (Figure 9) are therefore indicative only. 
 
2.6.2 Operational speed limit 
In a separate analysis of the accrual of fatigue damage per flight regime it was shown on the basis 
of strain measurements that Straight & Level (S&L) flight is the main contributor to the severe 
fatigue related maintenance issues in the aft fuselage of the CH_47D fleet of the RNLAF – see 
Figure 10. Although many other flight conditions are more severe in terms of accrued fatigue 
damage per flying hour (see Figure 5), the helicopters in the fleet simply spend most of their time 
flying S&L. 
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Figure 10: Relative fatigue damage contribution of the coarse flight regimes, for four strain gauges in the aft 
fuselage of D-664. 
 
Further analysis indicated a strong dependency of the damage rate on the air speed. An example 
is given in Figure 11, which shows the normalized damage rate for a strain gauge in the Chinook 
aft fuselage versus the calibrated air speed (CAS) for a number of selected S&L flight segments 
that were flown in the Netherlands (i.e. at relatively low pressure altitudes). Above 80 KCAS the 
damage rate grows exponentially with increasing air speed. The scatter in the plot is due to the 
fact that flight segments for different helicopter configurations and weight classes are included. 
 
 
Figure 11: Fatigue damage rate for S&L flight segments, relative to the fatigue damage rate at 120 KCAS; 
strain gauge SG09 in the D-664. 
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In view of these results an operational limit of 120 KCAS was proposed, unless prohibited by 
operational circumstances. Backed by the Operations Directorate, the Chinook flying community 
of the RNLAF was briefed in December 2009 to obtain support and understanding. The actual 
limit was imposed in January 2010 and compliance is fairly good – see Figure 12. Based on peace-
time usage in the Netherlands, a reduction of at least 22% in fatigue damage related 
maintenance man hours is expected. This is currently being evaluated. 
 
 
Figure 12: Compliance with the Chinook 120 KCAS speed limit imposed within the RNLAF. 
 
2.6.3 Effect analysis of a rotor blade strike incident 
The data collected with the CVFDR have been instrumental in a second-opinion investigation with 
regard to the consequences of a ground incident in 2013 in which the aft rotor blades of a RNLAF 
ICH-47D struck a lamppost during taxiing. The data were used as input for a dynamic simulation 
of the coupled rotor/drive train system – see Figure 13.  
 
The simulation results indicated that the loads in most parts of the dynamic system had not 
exceeded the design loads. This corroborated the results from the mandated post-impact visual 
and NDI inspections; it was concluded that replacement of these parts would not be necessary. 
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Figure 13: Chinook drive train system. 
 
3 The next step: dynamic components 
The intelligent loads synthesis technique described in the previous section has been incorporated 
in the Sustain tool box – see Figure 8. It can easily be extended to other areas in the airframe of 
the Chinook helicopter or other helicopter types with a digital data bus, as long as measured 
loads data are available to train the underlying neural networks. In this respect it is noteworthy 
that much work is going on world-wide in the development of wireless sensors that can be used 
to monitor rotating components – see for instance ref. [15]; this eventually will enable the 
application of the virtual strain gauge technology to the dynamic system of a helicopter as well. 
Many components in the dynamic system are life limited and need to be retired at prescribed 
times that are usually based on flight hours. The replacement intervals are based on conservative 
loads and usage assumptions. Knowledge of the actual loads and usage will thus enable to 
postpone retirement, which potentially will entail significant cost savings. Some work has already 
been performed by NLR with regard to specific components of the Chinook drive train, viz. the 
forward and aft synchronizing shaft assemblies. It has been demonstrated that the OEM specified 
retirement lives indeed are very conservative – see section 3.1. Other areas of interest include 
the pitch links and the pitch horn of the Chinook forward and aft rotor; plans are being 
developed to instrument these components with wireless strain sensors to routinely monitor the 
operational loads – see section 3.2. In section 3.3 some thought is given to the steps that need to 
be taken to obtain maintenance credits for loads/usage monitoring of dynamic helicopter 
components. 
 
3.1 Chinook synchronizing shafts 
The Chinook engine power is supplied to the rotors through the mechanical transmission system 
shown in Figure 13. The system consists of a forward, a combining, an aft, and two engine 
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transmissions along with connecting drive shafting. An overrunning sprag clutch is installed in 
each engine transmission. The clutch provides a positive drive connection to transmit power, and 
permits freewheeling of both rotors during an actual autorotation or simulated power failure. 
Power is transmitted from the engine transmissions to the combining (mix) transmission through 
two separate drive shafts operating at 12,263 RPM. A magnetostrictive torque meter measures 
the torque supplied by each engine at their output shafts. This torque is displayed in the cockpit 
in terms of a percentage. It is also recorded in the CVFDR and available in the flight data set that 
is routinely stored in the HELIUM database at NLR. The combining transmission combines the 
power of the engines and transmits it at a reduced shaft speed of 6,912 RPM through the 
synchronizing shafts (‘sync shafts’) to the forward and aft transmissions. Further speed reduction 
to 225 RPM occurs within the rotor transmissions. All shafting components are ‘life-limited’. The 
transmissions are ‘on condition’. 
 
As a first step towards life cycle management of rotating components a damage index has been 
developed for the forward and aft sync shafts of the Chinook, based on the measured engine 
torques. The forward drive shafting consists of seven shafts and the aft drive shafting consists of 
two shafts. They are coupled by adapter assemblies. The shafts consist of aluminium 2024-T3, 
4.5-inch diameter, 0.12-inch wall seamless drawn aluminium tubing with an adapter riveted to 
each end. These adapters are steel forgings; SAE 4340, likely 4340 heat-treated to RC 34-38, shot 
peened and cadmium plated; and aluminium forgings; 7050, likely 7050-T7451 shot peened. 
Critical locations for fatigue are locations that cause stress concentrations such as steps in 
diameter and riveted joints. A review of these locations and taking into consideration the 
different materials used has led to the conclusion that fatigue at one or more of the rivet holes in 
the 2024-T3 aluminium tube determines the life of all synchronising shaft assemblies.  
 
Using data from MMPDS [16] a fatigue model has been developed for this location that was able 
to reproduce the OEM specified retirement lives of 8,582 flight hours and 7,976 flight hours for 
the RNLAF ICH-47D forward and aft sync shafts respectively – see Table 1. These Boeing 
estimated lives are based on a design usage of six extreme Ground-Air-Ground/power cycles per 
flight hour, each defined by Boeing as ‘the cycle from flat pitch to maximum power and back to 
flat pitch’, and a scatter factor of 4.0.  
 
Note that the aft synchronising shaft assemblies are found to accrue significantly more fatigue 
damage than the forward synchronising shaft assemblies; a trend that is also observed in the 
MH-47E Structural Usage Monitoring System (SUMS) data presented in ref. [3]. 
 
Thus, the calibrated NLR model has subsequently been used to estimate the sync shaft lives for 
the actual RNLAF usage, based on a batch of 111 measured sorties (202 flight hours) and using a 
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scatter factor of 4.0. The results are shown in the second line of Table 1 which indicates that 
component lives specified by Boeing are extremely conservative. When the monitored sorties are 
typical of RNLAF usage, there is no need to replace the forward and aft synchronising shaft 
assemblies during the 10,000-flight hour service life of the helicopter. This illustrates that - 
potentially - considerable savings can be achieved through individual aircraft monitoring. 
 
Table 1: Specified versus actual fatigue life of the RNLAF Chinook sync shafts. 
 Fwd Sync Shaft Assy Aft Sync Shaft Assy 
OEM specified retirement life: 8,582 flight hours 7,976 flight hours 
Estimated actual fatigue life 
(SF=4.0): 
348,862 flight hours 62,606 flight hours 
Ratio Actual/Specified: 40.7 7.8 
 
It is noted that in the life calculations some assumptions had to be made with regard to the 
distribution of the engine torque over the forward and aft sync shafts. This depends on the 
location of the helicopter centre of gravity (CG). The data documented on Form F “Weight & 
Balance” are not routinely collected as yet, although the fuel consumption is written to the 
avionics bus and is recorded by the CVFDR. For now, it has been assumed that the CG is located 
at STA 331 (Centre Cargo Hook) for all sorties analysed. Although this is considered to be a 
reasonable assumption, it is necessary to include a calculation of the rotorcraft CG to better 
determine the distribution of power over both rotors if the sync shaft life calculations are to be 
used in a fleet life management programme. 
 
It is also noted that the NLR model has been calibrated against a very limited set of data. The life 
prediction estimates presented in the second line of Table 1 should therefore be classified as 
preliminary until more validation data becomes available, in the form of fatigue test data and/or 
additional life prediction estimates from the OEM for different operating spectra. Be that as it 
may, since the estimated actual fatigue lives are at least a factor of 5 greater than the OEM 
specified retirement lives, it seems justified leaving the RNLAF shafts in service until the 
helicopters are retired. 
 
3.2 Chinook pitch links 
Fatigue life management of the Chinook sync shafts is relatively straight-forward, since the 
fatigue loads are governed by the engine torques which are available from the avionics data bus. 
Loads monitoring of other life-limited dynamic components, however, requires equipment that is 
expensive and/or not suitable for use in routine programmes. A significant R&D effort is required 
to develop measurement techniques that enable fit-for-purpose applications. In this context the 
RNLAF and NLR are currently planning two research projects to assess the feasibility of wireless 
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strain sensors powered by energy harvesting elements for loads monitoring of rotating and 
airframe parts on helicopters.  
 
The objective of the first project, which is due to start early 2015, is to develop an existing 
wireless strain sensor powered by a magneto-inductive vibration energy harvester from TRL 6 to 
8 whereupon it becomes suitable for routine loads & usage monitoring of life-limited rotating 
parts on helicopters. Some background information about this system is provided in ref. [15]. The 
wireless strain sensor technology will be demonstrated on a pitch link, since loads on this part are 
representative for the loads on some other life-limited parts in a helicopter rotor. Laboratory and 
flight tests will be performed with instrumented pitch links of a RNLAF CH-47 Chinook helicopter. 
Each of the pitch links in the forward rotor and aft rotor of the Chinook will be equipped with a 
motion-based magneto-inductive vibration energy harvesting wireless sensor (EHWS), which 
features an analog to digital converter and a miniaturized and power-optimized WiFi transmitter. 
A full bridge of strain gauges is bonded to each pitch link and arranged to cancel bending and 
torsional loads while amplifying tensile and compressive loads. The full bridge arrangement also 
provides for temperature compensation. Each EHWS is mechanically clamped around the pitch 
link and is protected from the environment by a shrink sleeve. Each rotor will be provided with its 
own wireless sensor data aggregator (WSDA), programmed to operate on separate and distinct 
radio frequency bands within the 2.4 GHz IEEE 802.15.4 wireless communications standard. This 
system architecture will ensure that the two instrumented rotor heads of the CH-47 will not 
interfere with each other. The WSDAs will be installed somewhere in the cargo hold of the 
helicopter and serve to collect and store the EHWS data during flight. The timing reference for all 
data collected by the WSDAs is based on GPS universal time clock. In the event that GPS data are 
not available, the WSDAs will use their internal clocks as a time reference. The WSDAs run from 
the helicopter’s 28 VDC power supply. The data from the WSDAs will be retrieved at regular 
intervals through their USB 2.0 ports. 
 
The objective of the second project, which will start in November 2014, is similar, but it aims at 
the development of new extremely energy-efficient sensors that can be fed from a variety of 
energy sources (motion, ambient light, strain, etc.) and that are particularly suited for use in the 
airframe and dynamic systems structural integrity concept that is described in section 2.5. A 
dedicated laboratory test setup will be developed that is representative of a vibrating helicopter 
structure, including its ambient environment (i.e. hot/cold, humid). The test setup will eventually 
be made available for the evaluation of other sensors by other parties as well. 
 
3.3 Obtaining maintenance credits 
The military aviation sector is going through a paradigm shift from time to condition based 
maintenance. This requires the development of loads and usage monitoring technologies such as 
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those described in the previous sections. Rigorous validation and verification of these 
technologies and their implementation is needed before they can be used to obtain maintenance 
credits, however. The formal certification that is currently required by the Military Aviation 
Authorities (MAA) entails a number of steps that are not always easy to take. Guidance in this 
respect may be provided by the US Army “Handbook for CBM”, ADS-79 [17], which advocates the 
tracking of the loads environment in terms of severity, duration and frequency of occurrence to 
make it possible to adjust retirement times and inspection requirements based on the severity of 
the loads environment. The handbook calls for a 0.999999 (‘six nines’) component reliability, 
meaning that one component out of a million may fail during a service life of 10,000 flight hours 
[18]. Of these ‘six nines’, three nines are usually attributed to the use of a safe S-N curve in the 
computation of the fatigue strength (i.e. the mean minus 3σ) , two nines to the use of ‘top of 
scatter’ loads and one nine to the use of a composite worst case usage spectrum in the design of 
the helicopter. In case the calculation of the retirement life of a component is based on the 
actual usage and/or loads, the ‘missing nines’ will have to be compensated by using a more 
conservative safe S-N curve. Examples of how to deal with this are provided in ref. [18], but they 
are not easily applied by type managers of legacy aircraft who have no or only limited access to 
design data. ADS-79, section A.6.4, provides a very practical handle on this, however, by stating 
that an additional scatter factor of 2.0 is to be applied to component lives that are based on 
actual usage. Handbook ADS-79 does not specify the origin of this additional scatter factor of 2.0, 
however. 
 
The validation and verification of a loads/usage tracking programme also involves other topics, 
such as: 
• loads measurements and data recording 
• support data 
• gap filling of missing data 
• data transfer, storage and traceability 
• processing software 
• implementation in the maintenance and logistic system 
• commitment of flight crews and maintenance personnel 
• commitment of the MAA 
 
All these items need to be addressed before maintenance credits can be obtained from a 
loads/usage tracking programme. 
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4 Conclusion and outlook 
CHAMP is a well-established programme that is used in support of the sustainment of the 
Chinook helicopter fleet of the RNLAF. The use of three dedicated OLM helicopters that are 
equipped with a structural data recorder and strain gauges has proven to be invaluable. The high 
sample rate of the strain data enables detailed analyses that are beyond the scope of traditional 
loads & usage monitoring programmes. The so-called ‘virtual strain gauges’ that have been 
developed for a number of locations in the airframe of the Chinook are capable of predicting 
both the quasi-static loads due to manoeuvres, ground-air-ground cycles, etc., and the vibratory 
loads that are induced by blade stall, rotor wake impingement, rotor and drive train imbalances 
and other causes. Some tuning is still needed. Although already satisfactory, the accuracy is 
expected to improve once larger and better sets of input data (incl. all-up weight and 
accelerations) become available. 
 
NLR is now looking at ways to monitor the loads and usage of the drive train and rotor 
components of the RNLAF CH-47D/F fleet. The objective is to enable the transition from calendar 
based maintenance to condition based maintenance for these components. Some work in this 
respect has already been performed.  
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W H A T  I S  N L R ?  
 
The  NL R  i s  a  D utc h o rg an i s at io n th at  i de n t i f i es ,  d ev e lop s  a n d a p pl i es  h i gh -t ech  know l ed g e i n  t he  
aero s pac e sec tor .  Th e NLR ’s  ac t i v i t i es  ar e  soc ia l ly  r e lev an t ,  m ar ke t-or i en ta te d ,  an d co n d uct ed  
no t- for - p ro f i t .  I n  t h i s ,  th e  NL R  s erv e s  to  bo ls te r  th e gove r nm en t ’s  i n nova t iv e  c apa b i l i t ie s ,  w h i l e  
a lso  p romot i ng  t he  i n nova t iv e  a n d com p et i t iv e  ca pa c i t ie s  o f  i t s  p ar tn er  com pa ni e s .  
 
The NLR,  renowned for i ts leading expert ise,  professional  approach and independent consultancy,  is  
staffed by c l ient-orientated personnel who are not only highly ski l led and educated,  but a lso  
continuously  strive to develop and improve their  competencies. The NLR moreover possesses an 
impressive array of  high qual ity research fac i l i t ies. 
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